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Abstract
The metastable dark energy scenario is revisited by assuming that the current false vacuum energy density is
the remnant from a primeval inflationary stage. The zero temperature scalar field potential is here described
by an even power series up to order six which depends on 3 free parameters: the mass of the scalar field
(m), the dimensionless (λ) specifying the standard self-interaction term, and a free cutoff mass scale (M)
quantifying all possible deviations from the degenerate false vacuum state. The current ΛCDM model is a
consequence of the very long decay time of the false vacuum which although finite is much greater than the
current age of the Universe. This result remains valid for arbitrary combinations of the m/M ratio which
can analytically be determined in the thin-wall approximation and numerically calculated outside this limit.
Unlike many claims in the literature the vacuum dominance may be temporary. The finiteness of the decay
time suggests that the ultimate stage of the observed Universe in such a scenario will not be driven by a de
Sitter type cosmology.
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1. Introduction
Since the discovery of cosmic acceleration about
two decades ago based on Supernovae type Ia
observations, there are plenty of efforts in the
astro-particle-physicist community to determine its
cause. Dark energy, as it is called the agent respon-
sible for the unexpected late time accelerating pro-
cess, has already many candidates proposed in the
literature [1, 2, 3]. The most successful one so far
is the effective cosmological constant (Λ) defining
an effective constant vacuum energy density (ρV =
Λ/8piG). Its current value, ρV ∼ 10−47GeV 4, is in
agreement with a plethora of high quality cosmo-
logical data (SNe Ia, cosmic background radiation
(CMB), galaxy clustering, baryon acoustic oscilla-
tions (BAO), weak gravitational lensing, etc.).
It is now commonly accepted that the constant
Λ-term provides the most prominent and exotic
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piece of information underlying the current cosmic
concordance model (ΛCDM). However, the interest
on different forms of dark energy (quintessence, K-
essence, X-matter, decaying Λ, etc), some physical
mechanism, emulating the ΛCDM dynamics at the
background and perturbative levels [3, 4, 5, 6], or
even alternative gravity theories, have not declined
yet (for a review see [7]). On general grounds, apart
the so-called small scale problems [8, 9], the ΛCDM
model have difficulties from two distinct origins.
The current vacuum energy density is plagued by
two cosmological puzzles, namely: the cosmolog-
ical constant (CC) and the coincidence problems
[10, 11, 12].
Nevertheless, since the current ΛCDM model is
well accepted by cosmologists and astronomers as
the best description of the present day Universe,
it should be somehow better justified even whether
such problems are not completely solved. There are
some fundamental attempts involving extra dimen-
sions based on supersymmetry (SUSY) and also in
the landscape string theory. The former is not an
exact symmetry of nature and gave origin to sev-
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eral supergravity models based on the idea that the
4-dimensional vacuum may curve the extra dimen-
sions [13]. The later is also an interesting possi-
bility1 to solve the CC problem. However, mod-
uli fields are not observed and its basic solution
may have about e500 vacuum states. Hence there
are doubts whether the theory is actually falsiable
[15, 16]. Seemingly, the problem is the nonexis-
tence of a mechanism or selection criteria linking
the SUSY breaking scale or the string landscape
possibilities with the cosmic vacuum scale now ob-
served.
In the phenomenological front, the simplest pos-
sibility is that the current accelerating Universe is
driven by a long lived (quintessence) false vacuum
state, a possible remnant of a primeval inflationary
stage [17, 18]. In this concern, an interesting sce-
nario dubbed metastable dark energy (MDE) was
recently proposed by Landim and Abdalla (from
now on referred to as LA paper [19]). The model
is based on quantum tunneling from a false to the
stable true vacuum state. The decay process of the
metastable state occurs in the current low energy
Universe instead of at early times, as happens in
the old inflationary scenario originally suggested by
Guth [20, 21].
This kind of late time decaying vacuum process
has at least two interesting features: (i) the low
temperature of the vacuum-matter phase implies
that it can be discussed based on the semiclassi-
cal approach developed long ago by Coleman and
collaborators [22, 23], and (ii) since none reheat-
ing mechanism is required to operate in the present
phase of the Universe, this means that the current
low energy inflation is not plagued by any kind of
“graceful exit” problem [24].
The dark energy model proposed here is powered
by a scalar field whose potential is described by a
power series of even self-interacting contributions
up to order six which depends on 3 free parame-
ters: the mass of the scalar field (m), the numerical
value of (λ) modulating the standard φ4 term, and
a free cutoff mass scale (M) quantifying all possible
deviations from the degenerate false-vacuum states.
As we shall see, this extended model has different
predictions of the LA paper. In particular, when
the false-vacuum energy density is pin down by the
1The so-called string gas cosmology has also several inter-
esting and testable consequences to the primeval Universe,
some of them fully distinguishable from many models of early
inflation [14].
current observations and a value of λ is given, only
the m/M ratio can analytically be calculated in the
thin-wall approximation. In addition, since the de-
cay rate per unit volume also depends on the ratio
m/M , a lower limit to the mass m cannot be deter-
mined even in the thin-wall domain.
It should be remarked that for M = MPlanck the
potential adopted in [19] is recovered. However,
some results are conceptually different. Actually,
for a given value of λ, the mass of the scalar field in
the thin-wall approximation becomes exactly deter-
mined under the proviso that the thickness of the
wall is equal to the false vacuum barrier. This re-
sult suggests that the corresponding lower limit for
m, inferred by comparing the false vacuum decay
time with the age of the Universe, TDV ≥ H−10 , is
somewhat meaningless in the thin wall limit. We
also give one step further by analysing the results
within the thick wall limit.
This article is organized as follows. In section 2,
we present the basics of the model, as an extension
of the LA scenario. In section 3, a rigorous calcula-
tion of the barrier thickness, as a function of ratio
m/M is accomplished assuming the thin-wall ap-
proximation. In section 4, the decay rate per unit
volume is calculated and compared to the present
age of the Universe. In section 5, we perform the
needed numerical calculations in order to extend
the analysis beyond the thin wall limit. An accu-
rate fitting formula describing the thick wall results
is also proposed. Finally, the article is closed in sec-
tion 6 with a summary of our main conclusions.
2. The Extended MDE Model
To begin with, let us consider a scalar field φ with
a Lagrangian density given by:
L = 1
2
(∂µφ)
2 − V (φ), (1)
where the potential V (φ) contains a sum of even
self-interactions up to order six:
V (φ) = V0 + m
2
2
φ2
[
1− λ
4m2
φ2
]2
− 1
M2
φ6. (2)
The constant V0 is the value of V (φ = 0), the ar-
bitrary origin of the potential, m is the mass of
the field, whereas λ is a positive dimensionless free
parameter of the theory whose value is of the or-
der λ ∼ 0.1 or less. The mass M is an arbitrary
2
cutoff, for the moment satisfying only the inequal-
ity, M ≤ MPlanck, while the lower limit it will be
determined next as a physical constraint. As in
reference [19], note that the coefficient of the first
φ6 term was chosen so that the sum of the second,
third and fourth terms becomes a perfect square.
As it appears, the φ6 correction is the simplest
high order interaction for a non renormalizable
scalar field potential. It should be interpreted in
the context of effective theories [25, 26]. This non
renormalizable interaction comes from high energy
field theory, its effect being regulated by the mass
M . Several applications of corrected inflationary
potentials through effective field theory are well
know in the literature (see, for instance, [26, 27]).
In [28] it was used as the Higgs potential in a baryo-
genesis model. This kind of potential has also been
used in many works in condensed matter. A φ6 cor-
rection was adopted by [29] to analyse the bubble
dynamics formation after nucleation (see also [30]
and references therein for others examples).
In what follows, it proves convenient to rewrite
the above potential in terms of dimensionless quan-
tities:
U(ψ) = U0 + 1
2
ψ2
[
1− λ
4
ψ2
]2
− σψ6, (3)
where ψ = φ/m, σ = m2/M2, U(ψ) = V (φ)/m4
and U0 = V0/m4. The quantity σ works like a cor-
rection to the normalized symmetric case. When
σ = 0, there are three degenerate minima, and, as
such, the quantum tunneling process is fully sup-
pressed.
As one may check, the values of ψ defining the
extreme points of the dimensionless potential (3)
are:
ψ0 = 0, (4)
ψ2± =
8
3λ(1− σ/σm)
[
1 +
1
2
√(
1 + 3
σ
σm
)]
, (5)
ψ2a,b =
8
3λ(1− σ/σm)
[
1− 1
2
√(
1 + 3
σ
σm
)]
,
(6)
where ψ0 and ψ± are three minimal points while
ψa,b are two maximum points. The quantity σm ≡
λ2/32 is the maximum value σ can take, above
that ψ± is complex valued and no longer a mini-
mum. Real values are obtained for σ/σm ≤ 1 which
can be translated as a lower bound on the value of
M . Hence, by assuming the “safe extreme upper
bound” the cutoff mass is constrained upon the in-
terval:
4
√
2 m/λ ≤M ≤MPlanck. (7)
It is also interesting to define the normalized di-
mensionless quantity representing the energy den-
sity difference between the false and true stable vac-
uum states2
∆U ≡ U(ψ0)− U(ψ±) = U0 − U(ψ±). (8)
Note also that U0, the value of the potential to the
central minimum (ψ0 = 0), is fully independent of
σ. In other words, the σ-corrections modify only
the values of the symmetrical minima, U(ψ±). This
means that ∆U varies only because of U(ψ±). For
arbitrary values of the ratio σ/σm it follows that
∆U =
4
[
2 +
√(
1 + 3σσm
)] [
3σ
σm
− 1 +
√(
1 + 3σσm
)]
27λ
(
1− σσm
)2 .
(9)
Note that for σ = 0 one finds ∆U = 0, but, in the
limit σ → σm it diverges (∆U → ∞). In our sce-
nario the energy density difference between the false
and true vacuum states may be extremely large.
Due to the dependence on the ratio m/M , the thin-
wall approximation must be carefully discussed.
In Figure 1, we display the dimensionless poten-
tial U(ψ) for some selected values of σ. The case
σ = 0 (solid black line) is the degenerate poten-
tial as described by equations (2)-(6). The dotted
lines show the potential behavior for some nonzero
values of the ratio σ/σm.
3. Thin-Wall Approximation
Let us now consider the zero temperature scalar
field trapped in the false vacuum at ψ0 = 0 with
a nonnull tunnelling probability (Figure 1). From
now on, without loss of generality, the minimum ψ+
is chosen to be the true stable vacuum state after
the tunneling process. Following standard lines, the
decay rate per unit volume reads3:
Γ = Ae−B , (10)
2Since the scalar field is symmetrical, the system can tun-
nel to either one of the minima (ψ±).
3Coleman used the notation Γ/V [22].
3
Figure 1: The zero temperature potential for a first order
phase transition through quantum tunneling as defined by
(2) and (3). The solid curves describes the 3-degenerate
false vacuum states with λ = 0.1 and σ = 0. The dotted
lines display the results including the correction described
by σ = m2/M2 6= 0.
where the value of A with dimension [mass]4 is cal-
culated from Gaussian functional integrals around
the instanton solution. However, for a while we are
not interested in its exact form. Due to the ex-
ponential factor, A is largely subdominant in the
thin-wall approximation. Thus, we only consider
that A ' m4, the natural energy scale of the prob-
lem. The quantity B = SE , is the Euclidean action
of the instanton (the action with imaginary time,
t→ −iτ)
SE = SE(φb), (11)
where φb is the solution of the Euclidean equations
of motion with appropriate boundary conditions.
At zero temperature, the scalar field evolution is
dominated by quantum tunneling process which has
O(4) symmetry in the coordinate ρ2 = x2 + y2 +
z2 + τ2. The Euclidean action can be rewritten as
[22, 31, 32]
SE = 2pi
2
∫ ∞
0
dρρ3
[
1
2
(∂ρφ)
2 + V (φ)
]
, (12)
with the equation of motion taking the form:
∂2ρφ+
3
ρ
∂ρφ− V ′(φ) = 0, (13)
which must be solved for φ = φ(ρ) with boundary
conditions φ(∞) = φ+, φ(0) = φ0, ∂ρφ(0) = 0.
In general, for a given potential, the bounce so-
lution is numerically calculated. However, in the
so-called thin wall approximation, it is possible to
obtain a closed form for SE . The idea is that the dif-
ference between the true and false vacuum, ∆V > 0
is small:
V (φ) ≈ V˜ (φ) + , (14)
where , the small energy density difference, is the
thickness of the wall, and V˜ (φ) is the potential with
degenerate minima. In our case this happens for
small values of the ratio σ/σm (see Figure 1). As
one may check from (9), in the limit σ  σm, the
first order correction defining  reads:
 = ∆V = m4∆U ' 2m
4
λ
σ
σm
=
64m6
λ3M2
. (15)
Before discussing the physical meaning of the
above result, let us calculate the bubble radius a
in order to obtain the analytical expression of SE
in the thin wall limit. The integration of (12) yields
a function of the radius:
SE = −pi
2
2
a4+ 2pi2m3a3S¯1, (16)
where the “normalized surface tension” S¯1 is here
defined by:
S¯1 =
∫ ψ+
ψ0
dψ
√
2[U¯(ψ0)− U¯(ψ+)] = 1
λ
. (17)
Now, by inserting S¯1 into (16) and minimizing the
result (dSE/da = 0), the radius of the bubble reads:
a =
3m3
λ
. (18)
It thus follows that a ∝ −1 so that big bubbles are
associated with smaller wall thicknesses. On the
other hand, since the relevant dimensionless quan-
tity is ma, a more precise condition for the validity
of the thin-wall approximation may be defined:
ma 1⇐⇒ λ
3m4
 1, (19)
and from equation (15), we see that the thin-wall
approximation is valid only for σ/σm  1.
At this point, it is interesting to comment on the
main consequence of the expression (15) defining .
It implies that the mass of the scalar field can be
expressed as:
m =
√
λ
2
M1/31/6. (20)
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Table 1: Basic quantities from equation (15) for λ = 0.1
and  = 10−47GeV 4. The first line are the results for
M = MPlanck, the extreme limit within the thin-wall ap-
proximation. Note that for smaller values of M the thin-
wall is still valid by many orders of magnitude (σ  σm).
However, for the boldface line the results are only approxi-
mated because the thick-wall regime need to be considered
(see text).
M (GeV ) m (GeV ) σ/σm
1019 5.00× 10−3 8.00× 10−40
108 1.08× 10−6 3.71× 10−25
102 1.08× 10−8 3.71× 10−17
1 2.32× 10−9 1.72× 10−14
10−5 5.00× 10−11 8.00× 10−8
10−10 1.07× 10−12 3.71× 10−1
Now, by taking  = 10−47GeV 4 and M =
MPlanck as in [19], one may check from (20) that
the mass of the scalar field reads:
m =
√
103λ
2
MeV. (21)
Hence, for λ = 0.1 we find m = 5MeV while for
λ = 10−3 we get m = 0.5MeV . The important
lesson here is that for M = MPlanck the mass of
the scalar field depends only on the λ parameter.
Nevertheless, since M is now a free parameter of
the theory, there is no apriori reason to pin down it
as the Planck mass. Actually, we see from Eqs. (7),
(15) and (18) that M = MPlanck is only an extreme
value for M associated to the thinnest possible wall
of the bubble materialized at the end of the tunnel-
ing process, that one having the biggest radius (see
next section). In principle, such a freedom may
clarify some conceptual aspects of the metastable
dark energy model. In particular, as we have seen,
it permits a more rigorous definition of the thin-wall
approximation in this context.
In Table 1, by choosing λ = 0.1 we display some
values of the pair (M, m) and also the correspond-
ing ratios σ/σm. In the first line, apart the value
for the mass m, we see the results for the value of
M chosen in [19]. Note that all values of M are
in agreement with the constraint (7). However, for
M = 10−10GeV we are clearly out of the limits
defining the thin-wall approximation because the
ratio σ/σm ∼ 0.37. Of course, analytical predic-
tions based on these values (boldface line) cannot
be taken seriously because the system is already
within the thick-wall regime and, as such, the cal-
culations must be numerically performed.
Let us now close this section combining the pre-
vious results in order to obtain the stationary ac-
tion SE in the absence of gravity. By inserting Eqs.
(15), (17) and (18) into (16) we find:
SE =
27pi2m12
2λ43
=
27pi2
16λ
(
σ
σm
)−3
. (22)
4. Decaying Vacuum and Hubble Time
The main aim of this section is to establish under
which conditions the characteristic decaying vac-
uum time (TDV ) for the metastable false vacuum
state is greater or at least equal to the current age
of the Universe (TU ). From the above least-action
(22) and A ∼ m4, we rewrite (10) as
Γ = m4 e−
27pi2
16λ (
σ
σm
)
−3
. (23)
It should be remarked that the constraint
TDV /TU ≥ 1 was adopted in [19] for obtaining a
lower bound on the value of m [see equation (19)
there]. They found
m ≥ 10−12 GeV. (24)
Further, by using the above mass constraint and
Eq. (18), a lower bound to the bubble radius, a ≥
0.03 cm, was also obtained.
There is, however, a doubtful aspect concerning
the validity of the quoted lower bound for m. As
in the previous section, the choices  = 10−47GeV 4
and M = MPlanck yield, for λ = 0.1, a mass of the
scalar field m = 5 MeV . Of course, the above lower
bound is in agreement with this value of the mass.
However, one may argue that it is somewhat am-
biguous because the action was already completely
defined. In other words, there is no more freedom
to define a lower bound on the mass m. Actually,
from equation (22) we find:
SE =
27pi2m12
2λ43
=
27pi2
16λ
(
σ
σm
)−3
=
27pi2 × 10120
16λ
,
(25)
where the value of σ/σm was taken from the first
line of Table 1, with λ = 0.1, M = MPlanck and
m = 5Mev. As we shall see below, the above value
of the action implies the condition, TDV  TU . In
this sense, even considering that the above limit
(24) is somewhat misleading, one can say that the
LA model satisfies such a natural consistency check.
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Table 2: The bubble radii and the decaying time of the
false vacuum compared with the current age of the Universe
(Γ/H40 ) for the selected σ/σm values listed on Table 1.
σ/σm Radius (cm) Γ/H
4
0
8.00× 10−40 7.42× 1027 exp(−3.25× 10119)
3.71× 10−25 7.42× 1016 exp(−3.25× 1075)
3.71× 10−17 7.42× 1010 exp(−3.25× 1051)
1.72× 10−14 7.42× 108 exp(−3.25× 1043)
8.00× 10−8 7.42× 103 exp(−3.25× 1023)
3.71× 10−1 7.42× 10−2 exp(−3.25× 102.96)
On the other hand, for a mass m = 5MeV ,
the bubble radius predicted by (18) is a = 7.42 ×
1027 cm, basically, the Hubble radius today.
In what follows, we also consider  =
10−47GeV 4, in order to perform the calculations
without assuming that M is the Planck mass.
To begin with let us recall that the present age of
the Universe in the current ΛCDM model is exactly
the inverse of the Hubble parameter, H−10 [33]. In
this way, the decay rate per unit volume should be
compared to H40 [34]:
Γ
H40
=
m4
H40
exp
[
−27pi
2
16λ
(
σ
σm
)−3]
<∼ 1. (26)
By using the above equation as a consistency check,
we may see whether the decay time for a generic M
can be bigger than the age of the universe.
In Table 2 we show the calculated bubble radius
a and the ratio Γ/H40 for λ = 0.1 and the same
values of σ/σm listed on Table 1. Note that ex-
cept for the values shown in the bottom (boldface
line), for all the remaining cases the system is well
within the thin-wall approximation (σ  σm) for
which LA model is the extreme case. In the first
line we have displayed the results of [19] at light of
the present treatment. In the last column we see
that the Γ/H40 ratio is by far much less than unit
This means that the decay time is many orders of
magnitude bigger than the present age of the uni-
verse (TDV  TU ), as long as the treatment is out
of the thick wall approximation.
It is also worth notice that gravity does not
change appreciably the above result derived in the
thin-wall approximation. As discussed by Coleman
e De Lucia [35], the basic general relativistic (GR)
effect is to change SE → S˜ given by
S˜ =
SE[
1 + ( a2∆ )
2
]2 , (27)
where SE is the least-action (22) in the absence
of gravity, a is given by equation (18) and ∆ =√
3/ MPlanck is the Schwarzschild radius associ-
ated to a sphere of energy density , the false vac-
uum energy density. In the present case, as long as
the thin-wall remains valid, it is also easy to show
that GR effects are negligible. In order to see that,
let us calculate the correction. As one may check,
it is given by:
δ = (
a
2∆
)2 =
3λ
256
M2
M2Planck
. (28)
Hence, the gravity correction does not depend on m
and has an upper bound δ ≤ 3λ/256. Its maximum
correction occurring exactly for M = MPlanck. For
λ ∼ 0.1 we get δ ∼ 10−3. We should note that
all the results here were obtained in the thin wall
approximation so that by relaxing this assumption
the results can be quite different.
5. Thick Wall: Numerical Solution
The thin wall approximation is important as a
closed analytical solution, however, its validity do-
main is somewhat limited, and, as such, definitive
conclusions are not possible at this stage [36]. Now,
in order to explore the behavior of the model be-
yond this limit (the so called thick wall domain),
we are forced to seek a complete numerical solution.
The algorithm to solve the equation of motion from
the action (12) is relatively simple (see [37] for the
numerical code and details).
In Figure 2, we show the profile of two bubbles
as numerically obtained. The solid line is the result
for the thin wall approximation, while the dashed
line is a thick wall bubble. Note that the charac-
teristic radius of the bubble is considerably larger
than its wall in the thin case, while the correspond-
ing sizes have the same order in the thick one.
to extend the analytical thin wall solution for all
values of σ/σm. The idea is to consider the result
(22) as the zeroth order expansion of a more com-
plete equation. The fitting formula can be written
as:
SE → S¯E = 27pi
2
16λ
(
σ
σm
)−3
F
(
σ
σm
)
, (29)
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Figure 2: Profile of two possible bubbles, one for σ = 0.5σm
and other for σ = 0.05σm. Solid line is the thin wall case,
while dashed is thick.
where the arbitrary function F (σ/σm) is expanded
in a Taylor series until third order
F =
[
1 + p
(
σ
σm
)
+ q
(
σ
σm
)2
+ r
(
σ
σm
)3
+ · · ·
]
,
(30)
with the dimensionless parameters p, q and r nu-
merically fitted. The corresponding results are:
p = 2.648,
q = 2.997, (31)
r = −4.503.
In Figure 3, we compare the results of the dif-
ferent approaches: (i) numerical, (ii) thin wall, and
(iii) fitting formula. We see the region where the
thin wall regime σ  σm) is valid. Note its differ-
ence for the thick wall regime and how our analyti-
cal fitting formula describes accurately the numer-
ical result.
In Tables 3 and 4, we extend the analysis of the
previous sections to the thick wall case. Instead of
using equation (15) to calculate σ/σm, we consider
the complete equation (9) without approximations.
The first lines in Tables 3 and 4 should be com-
pared to the bold lines in Tables 1 and 2. By per-
forming the complete calculation, we see that the
value of σ/σm is slight lower than before. As M
decreases σ quickly goes to σm, and, even though
the decay rate is rapidly increasing, the decay times
are still orders of magnitude bigger than the Hubble
time.
At this point, one may ask about the future of
the Universe in the framework of this extended
Figure 3: Comparison between the value of SE for thin wall,
numerical and fitting formula. Note that the numerical and
fitting formula curves are on top of each other.
Table 3: Basic quantities from equation (9) for λ = 0.1 and
 = 10−47GeV 4 in the thick wall regime. The first line is the
same as the last line in table 1 but using the full numerical
calculation.
M (GeV ) m (GeV ) σ/σm
10−10 9.51× 10−13 0.289
10−10.5 4.75× 10−13 0.715
10−11 1.73× 10−13 0.955
10−12 1.76× 10−14 0.999
Table 4: The bubble radii and the decaying time of the
false vacuum compared with the current age of the Universe
(Γ/H40 ) for the selected σ/σm values listed on Table 3, in
the thick wall regime.
σ/σm Radius (cm) Γ/H
4
0
0.289 0.1055 exp(−12922)
0.715 0.0586 exp(−996.24)
0.955 0.0499 exp(−179.69)
0.999 0.0899 exp(−19.63)
metastable vacuum decay model. In the stan-
dard view, the transition to the new phase evolves
through rapidly expanding nucleation of true vac-
uum bubbles inside the false vacuum, a process
driving the whole Universe to the true vacuum
state. If the transition of the long lived false vac-
uum is successful in an extremely low energy en-
vironment, the model suggests a decelerating ex-
pansion in the future, driven by cold dark matter
plus baryons. We recall that some cosmographic
studies based on SNe Ia suggest that cosmic accel-
eration could already have peaked and be presently
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slowing down, which would imply that the recent
accelerated expansion of the universe is a transient
phenomenon [38] (for a more general approach see
[39].
Nevertheless, some points still need to be con-
sidered. Firstly, it should be recalled that the true
vacuum was assumed here to be a zero cosmological
constant (V EV ≡ 0), and, as such, a de Sitter like
Universe in the future is unlikely unless such a con-
dition is relaxed. Naturally, if the V EV 6= 0 a new
de Sitter phase still remains as a possibility. Some
authors have also recently conjectured that there
are solution where bubbles of true vacuum inside
a Universe of false vacuum will not grow [40]. In
this case, there is no bubble expansion that would
convert the false vacuum into the true one.
On the other hand, in the original metastable
model, the scalar dark energy field was also em-
bedded into a dark sector extension of the stan-
dard model (SM) with SU(2)R symmetry [19]. It
was assumed that dark energy and dark matter are
doublets under SU(2)R and singlets to other sym-
metries. In addition, also considering that the dark
sector interacts with the SM particles only through
gravity, the authors concluded that the decay prod-
ucts are compatible with a late time cosmology en-
dowed with dark energy-dark matter interaction,
as long as the coupling in the hidden sector is pro-
portional to the Hubble parameter. Naturally, this
is an interesting possibility which also deserves a
closer scrutiny. In this concern, it should also be
recalled that the influence of gravity in the decay-
ing process is safely negligible only in the thin wall
approximation. As above discussed, further inves-
tigation is needed for the thick wall domain when
only numerical solutions are available (see Tables
3 and 4).
6. Conclusion
In this article we have proposed an extension of
the metastable dark energy model for describing the
current accelerating stage of the Universe, a quan-
tum tunneling event activated by the materializa-
tion of a bubble of true vacuum within the false
vacuum. As we have seen, the extended model de-
pends on 3 free parameters: two mass scales (m,M)
and the dimensionless λ associated to the φ4 self-
interaction.
The ratio m/M was analytically determined in
the thin wall approximation by adjusting the thick-
ness of the barrier to the current false vacuum en-
ergy density ( ∼ 10−47GeV 4). Given such a ratio,
the time decay rate (per unit volume) of the false
vacuum was demonstrated to be finite and much
greater than the current Hubble time (see Table
2).
In the thick wall regime we performed numerical
calculations for the same value of the current vac-
uum energy density. It was shown that the decay
rate, albeit lower, is still bigger than the Hubble
time, even when we reach the limit σ → σm (see
Table 3). A simple analytical fitting formula de-
scribing the numerical solution with great accuracy
was also proposed [see Eqs. (29)-(30)].
In principle, the friction term, temperature ef-
fects, and the expansion rate are negligible in the
present low energy stage of the Universe, but quan-
tum corrections should be considered. In addition,
given that a graceful exit is not required here and
by assuming that such a process is realistic to some
degree, it means that the end of cosmology will not
be driven by a de Sitter type spacetime. Actually,
after the false vacuum decaying process, the present
scenario also seems to be compatible with a late
time decelerating Universe driven only by nonrela-
tivistic matter as phenomenologically suggested by
some authors [18, 33].
Naturally, whether the φ6 potential discussed
here is also applied with temperature corrections
to the early inflationary scenario, all these effects
should be taken into account and the result should
be quite different. In the same vein, it is interesting
to see if the early and late time inflationary pro-
cesses are somehow related. It should be recalled
that at extremely high temperature the favoured
phase is symmetric and probably populated by ef-
fectively massless particles. In principle, this un-
settled evolutionary mystery uniting the early and
late time Universe in this context does not depend
only on standard energetic considerations, and, as
such, it deserves a special attention for any kind of
microscopic model describing the dark sector.
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